Introduction
[2] The bulk of the lower mantle is believed to be composed of iron-bearing magnesium silicate perovskite [Liu, 1975; Knittle and Jeanloz, 1997] , coexisting with small amounts of magnesiowüstite and calcium silicate perovskite [Lee et al., 2004] , which transforms to a postperovskite phase 200 -400 km from the bottom [Murakami et al., 2005; Ono and Oganov, 2005] . Deeper still, 5 -20 km thick ultra-low velocity zones at the base of the mantle [Garnero and Helmberger, 1995] are postulated to comprise iron enriched post-perovskite , iron-rich partial melt [Rost et al., 2005] , or relics of banded iron formation [Dobson and Brodholt, 2005] . In view of the ubiquitous nature of iron in the lower mantle, it is important to know how it may affect the properties of mantle phases, in order to accurately interpret seismic observations and construct good geophysical models.
[3] To estimate the effect of iron on the properties of minerals in the lower mantle is quite complex. Not only does one need to know the amount of iron present in the various phases, but also its crystallographic site, oxidationstate and spin-state. The latter has become of increasing interest since it was shown that iron in both magnesiowüs-tite and perovskite undergoes a high to low-spin transition under lower mantle pressures [Badro et al., 2003 [Badro et al., , 2004 . The implications of these transitions may be significant. Because the spin state of iron affects its ionic radius, it could influence partitioning, which could, in turn, lead to seismic discontinuities [Badro et al., 2003] . The spin state of iron in magnesiowü stite also has a large effect on its elastic properties [Lin et al., 2005] , which again could affect lower mantle velocity structure. In addition, it is postulated that because lower mantle minerals incorporating iron in a lowspin state have a higher radiative thermal conductivity than those incorporating iron in a high-spin state, a high to lowspin transition will increase radiative thermal conductivity, hinder convection and favor mantle layering [Badro et al., 2004] .
[4] Investigations of the elastic properties of pure endmember FeSiO 3 post-perovskite found iron to be in a highspin anti-ferromagnetic state at mantle pressures [Caracas and Cohen, 2005; Stackhouse et al., 2006] , but the spin state for lower and more appropriate concentrations is not known. In addition, because pure end-member FeSiO 3 postperovskite was found to be dynamically unstable with iron in a low-spin state, its elastic properties could not be determined. Therefore at present we have no estimate of the extent to which the elastic properties of iron-bearing post-perovskite phase changes as iron goes from a high to low-spin state.
[5] Here we report the results of ab initio calculations on post-perovskite with composition Mg 0.9375 Fe 0.0625 SiO 3 , similar to that expected in the lowermost mantle [Murakami et al., 2005] , and Mg 0.8750 Fe 0.1250 SiO 3 . Estimated spin transition pressures for iron are presented for both postperovskite compositions, along with the elastic properties with iron in both spin states. The possible geophysical implications of these are discussed, in particular, with regard to seismic discontinuities and mantle dynamics.
Computational Details
[6] It is well known that standard density functional methods fail to predict the correct band structure of strongly correlated systems (typically those containing metal ions with partially filled d or f shells). For example, both Fe 2 SiO 4 [Cococcioni et al., 2003] and FeO [Alfredsson et al., 2004] are predicted to be metals when they are insulators. This has led to the use of advanced techniques, such as hybrid functionals [Alfredsson et al., 2004] , which compute their correct band structure. It is often assumed, however, that although standard density functional methods are unable to determine accurate band structure, they may still be employed to calculate other important properties such as magnetic state, lattice parameters, bulk and shear moduli. Several studies using density functional methods to determine the spin state of iron in pertinent minerals [Cococcioni et al., 2003; Li et al., 2005a] have found good agreement with experiment. Others have used them to calculate the elastic properties of iron-bearing silicate perovskite [Li et al., 2005b] . Further calculations using mixed functionals are necessary to confirm the validity of our results.
[7] Experimental studies of iron partitioning amongst lower mantle mineral phases [Murakami et al., 2005; Kobayashi et al., 2005] suggest that at the core-mantle boundary post-perovskite will have an Fe/(Mg + Fe) ratio of only a few percent. No data is available on the partitioning of iron between the different crystallographic sites, its oxidation-state or spin-state. In view of this, we decided, in the first instance, to investigate post-perovskite with ferrous iron located in the magnesium sites. This is a reasonable first step, since in perovskite it is estimated that fifty percent of iron is of this type [McCammon, 1997] . Therefore an eighty atom, 4 Â 1 Â 1 supercell, of magnesium silicate post-perovskite, incorporating one iron for magnesium substitution, was constructed. In addition to this, five other models of identical size that contained two iron substitutions were also made. The exact substitution sites and names to which the models will subsequently be referred are listed in Table 1 . For an eighty atom cell one and two iron for magnesium substitutions represent Fe/(Mg + Fe) ratios of 6.25 and 12.5 percent. Together with previous results for the pure end-members, this allows us to interpolate over all reasonable iron concentrations.
[8] Simulations were performed using the projector-augmented-wave implementation [Blöchl, 1994; Kresse and Joubert, 1999] of the density functional theory based VASP code [Kresse and Furthmüller, 1996] . The exchange-correlation functional used adhered to the PW91 form of the generalized gradient approximation [Wang and Perdew, 1991; Perdew et al., 1992] . To determine spin transition pressures, each of the models was optimized with ferrous iron in selected spin states, over the pressure range 80-160 GPa, using a plane-wave cut-off of 1500 eVand a 2 Â 2 Â 2 Monkhorst-Pack grid [Monkhorst and Pack, 1976] . This ensured that enthalpy differences were converged to 0.1 meV per atom. To determine athermal elastic constants three different orthorhombic and one triclinic strain, of magnitude ±0.3, ±0.7 and ±1.0 percent were applied to optimized models, the induced stresses calculated and stress-strain relation fit to a second-order polynomial. For elastic constants calculations the plane-wave cut-off was reduced to 1000 eV and Brillouin zone sampling restricted to the G-point. Employing a larger plane-wave cut-off of 1500 eV and 2 Â 2 Â 2 Monkhorst-Pack grid caused calculated elastic constants to differ by an average of about one percent and the bulk and shear modulus by less than a quarter of a percent.
Results and Discussion
[9] The calculated enthalpies of the five post-perovskite models incorporating two ferrous iron substitutions are listed in Table 2 . One can see that, at a given pressure, there is a small difference of about 0.5 meV per atom in the enthalpies of the five different substitution configurations. This is less than that for different arrangements of ferric iron charge coupled with aluminum in perovskite [Li et al., 2005a] , probably because substitution of ferrous iron does not result in an unfavorable charge separation. Therefore each of the substitution configurations has an equal chance of occurring.
[10] It is interesting to note that although each of the substitution configurations is of similar probability, they exhibit a wide range of transition pressures, listed in Table  3 . These can be explained in terms of proximity of the cations and tilting of silica octahedra during compression. In the post-perovskite structure the metal cations lie between sheets of linked silica octahedra. The predominant mechanism by which spin transitions are expected to be induced is, therefore, from the silica sheets pushing on the iron cations during compression. It is also important to note that the octahedra are edge-sharing along the a direction and corner-sharing along the c direction. This means that compression along the a direction causes the octahedra to tilt within the plane, while that in the c direction causes them to tilt in such a way that they push bridging oxygen atoms into the interlayer space, confining the metal cations. The spin transition pressures of the SSM2, SSM3 and SSM5 configurations are similar to that of the model with a single iron substitution, because the substitutions sites are far apart and effectively isolated. The SSM1 configuration, however, has a very high spin transition pressure due to the fact that the cations lie close to each other along the a direction, holding the silicate layers apart much more effectively than an individual cation. In the SSM4 configuration, the two cations lie adjacent to one another, along the c direction, but although this hinders closing of the layers, as the layers are compressed the tilting of the silica octahedra pushes them into one another, thereby lowering their spin transition pressure.
[11] Our results indicate that, in post-perovskite, ferrous iron remains in a high-spin state up to 180 GPa at 0 K. Taking into account temperature is expected to increase transition pressures [Badro et al., 2004] . According to the arguments of Badro et al. [2004] , this could mean that radiative thermal conductivity will be low in the lower mantle. This should be taken into account when considering the dynamics of the lower mantle. The spin state of ferric iron in post-perovskite, under lower mantle conditions, is unknown. Further work must be done to investigate this.
[12] Elastic constants for selected post-perovskite models are reported in Table 4 . Incorporation of iron into MgSiO 3 post-perovskite results in an expected density increase, a larger bulk modulus and lower shear modulus. This confirms previous work [Stackhouse et al., 2006] where the affect of incorporating ferrous iron on the elastic and seismic properties of MgSiO 3 post-perovskite was estimated from linear mixing of end-member properties. Figure 1 shows how compressional (V P ), shear (V S ) and bulk (V F ) isotropic wave velocities of post-perovskite vary as a function of ferrous iron content. Solid lines represent values calculated from linear mixing of densities, bulk and shear moduli of the MgSiO 3 and FeSiO 3 end-members, taken from Stackhouse et al. [2005, 2006] , while markers show values from the present study. One can see that, linear mixing provides excellent estimates of seismic velocities. This validates previous estimations of the seismic properties of an iron-rich post-perovskite phase [Stackhouse et al., 2006] , which were found to be compatible with those often seen for ultra-low velocity zones. Useful derivatives of elastic and seismic properties of post-perovskite with respect to ferrous iron content are given in Table 5 . The slight affect of small amounts of iron on the seismic properties of post-perovskite strengthens previous arguments for the compatibility of the phase with observations for the lowermost mantle .
[13] The spin state of iron appears to have only a small effect on the elastic properties of post-perovskite, at least when present in the small fractions studied here. This is similar to observations for ferric iron in perovskite [Li et al., 2005b] . It is surprising in light of recent experimental work reporting it to have a large effect on the bulk modulus of magnesiowüstite (composition Mg 0.83 Fe 0.17 O) [Lin et al., 2005]. It is important to note, however, that for a given iron to magnesium ratio, the volume fraction of iron in magnesiowüstite is two and a half times that of post-perovskite, due to their different formula units. In addition, the authors of the experimental investigation [Lin et al., 2005] report the contrast between the bulk moduli at 60 GPa. One can see in Figure 2 how the volume difference for postperovskite containing ferrous iron in a high and a lowspin state increases with iron content, but decreases with pressure. One should, therefore, perhaps not expect such a large contrast in bulk modulus in post-perovskite at 136 GPa, as that reported for magnesiowüstite at 60 GPa [Lin et al., 2005] .
[14] In conclusion, ferrous iron incorporated into magnesium silicate post-perovskite is expected to be in a high-spin state across the entire pressure range of the lower mantle, and this should be taken into account when considering the dynamics of the region. Incorporation of low amounts of ferrous iron into the post-perovskite phase has only a slight affect on its elastic properties, irrespective of spin state, which are compatible with seismic observations for the lowermost mantle.
